The interplay between magnetic field and microwave applied in a single-electron transistor(SET) has a profound influence on the Kondo effect, as shown in a recent experiment A. Kogan, arXiv:1304.0037(2013)]. For a given microwave frequency, the Kondo differential conductance shows a non-monotonic magnetic field dependence, and a very sharp peak is observed for certain field applied. Additionally, the microwave frequency is found to be larger of about one order than the corresponding Zeeman energy. These two features are not understood in the current theory. Here we propose a phenomenological mechanism to explain these observations. When both magnetic field and microwave are applied in the SET, if the frequency matches the (renormalized) Zeeman energy, it is assumed that the microwave is able to induce spinflip in the SET, which leads to two consequences. One is the dot level shifts down and the other is the renormalization of the Zeeman energy. This picture can not only explain qualitatively the main findings in the experiment but also further stimulate the related experimental study of the dynamic response of the Kondo effect in out-of-equilibrium devices.
The interplay between magnetic field and microwave applied in a single-electron transistor(SET) has a profound influence on the Kondo effect, as shown in a recent experiment[B. Hemingway, S. Herbert, M. Melloch and A. Kogan, arXiv:1304 .0037(2013 ]. For a given microwave frequency, the Kondo differential conductance shows a non-monotonic magnetic field dependence, and a very sharp peak is observed for certain field applied. Additionally, the microwave frequency is found to be larger of about one order than the corresponding Zeeman energy. These two features are not understood in the current theory. Here we propose a phenomenological mechanism to explain these observations. When both magnetic field and microwave are applied in the SET, if the frequency matches the (renormalized) Zeeman energy, it is assumed that the microwave is able to induce spinflip in the SET, which leads to two consequences. One is the dot level shifts down and the other is the renormalization of the Zeeman energy. This picture can not only explain qualitatively the main findings in the experiment but also further stimulate the related experimental study of the dynamic response of the Kondo effect in out-of-equilibrium devices. Introduction.-The Kondo physics is one of fundamental issues in exploring many-body correlations [1, 2] , which originates from the screening of local moment by conduction electrons in metal. Theoretical prediction [3, 4] and its physical realization [5] [6] [7] of the Kondo effect in a single-electron transistor(SET) provide a great chance to investigate intriguing features of the Kondo physics by tuning various controllable parameters such as gate voltage, source-drain voltage, the magnetic field, and so on. The existence of the Kondo resonance near the Fermi level in the SET affects dramatically the transport of the device, and a unitary conductance in the Coulomb-blockade regime can be reached [6] . In addition, this set-up is also an ideal platform to study nonequilibrium many-body correlation if these parameters are changed in time, as explored extensively in experiments [8] [9] [10] and theories [11] [12] [13] [14] [15] [16] [17] [18] [19] . When the SET is irradiated with microwave, photon-induced Kondo satellites have been observed experimentally when appropriate microwave frequency and amplitude were applied [9] .
Very recently, Hemingway et al. [20] measured the time-averaged differential conductance of the SET and observed some novel transport behaviors when magnetic field and microwave are applied at the same time. They found that i) at zero magnetic field the microwave applied suppresses the Kondo effect when the photon energy is comparable or greater than the Kondo temperature, which is in agreement with available theoretical prediction [17] ; ii) at finite magnetic field the Kondo conductance changes non-monotonically with magnetic field for a given microwave frequency and the conductance shows a very sharp peak as a function of magnetic field, this non-monotonic behavior is absent at low frequencies; and iii) the microwave frequency is larger of about one order than the corresponding Zeeman energy applied while the anomalous non-monotonic behavior is observed. Since the first observation is well understood by available theory [17] and the latter two features are novel but can currently not be understood, below we focus on the case of finite magnetic field and clarify the latter two features.
First of all, we present our basic picture. Fig. 1 shows a schematic energy level diagram of the SET. In the absence of microwave [ Fig.1(a) ], the dot level splits due to the Zeeman energy ∆ε = gµ B B where g is Landé factor, µ B Bohr magneton and B magnetic field applied. When the SET is irradiated with microwave, some parameters, for example, the bias voltage and dot-leads tunneling in the SET, may vary in time, which lead to many interesting features such as the satellites [9, 17, 19] . However, in the experiment [20] these satellites have not been observed and therefore here we will focus on another possible effect, namely, the spin-flip transition induced by microwave field, which has been extensively studied in double quantum dots system [21] [22] [23] [24] [25] [26] [27] [28] but has not been explored in the present set-up. Here whether the photon energy matches the Zeeman energy or not leads to quite different physics. If match, the microwave can induce a spin-flip transition, as shown in Fig. 1(b) , as a consequence of this transition the dot levels are renormalized[solid lines in Fig. 1(c) ]. Two effects are observed. The dot levels for both spin shift down and at the same time, the Zeeman splitting increases effectively(due to the experimental observation, as discussed later). If not match, the spin-flip transition can not happen. As a result, the dot levels remain almost unchanged, as shown in Fig. 1(d,e) . As shown below, for a given microwave fre- quency in experiment, the existence of a sharp peak of the Kondo conductance as a function of magnetic field applied can be simply attributed to the resonance between the frequency and magnetic field. This is because that in this case the dot energy is renormalized to more deeper level and thus the Kondo effect is strengthened effectively. In this picture we clarify qualitatively the anomalous features observed experimentally. The result can further stimulate the related experimental study of the dynamic response of the Kondo effect in non-equilibrium devices.
Model and renormalized dot levels.-In the absence of microwave irradiation, the SET can be described by the following Hamiltonian
where the first term represents the left(L) and right(R) leads, the successive two terms denote dot Hamiltonian and the last one is the hybridization between the dot and leads. ε dσ = ε d + σ 2 gµ B B and U are the dot levels with spin σ = ±(↑, ↓) and the on-site Coulomb repulsion.
In the presence of microwave irradiation with frequency f , in principle the device is in out-of-equilibrium and many parameters may vary in time. As mentioned above, here we only focus on the spin-flip transition induced by the microwave field, which can be captured by the following effective Hamiltonian
where ω p = hf (h: Planck constant) and λ is the coupling strength between the dot and the photon, which depends on the match between the photon energy and the Zeeman energy, as discussed below. Thus the total Hamiltonian is given by
To derive the renormalized dot level, we first apply the canonical transformation
one can obtain the following effective Hamiltonian (see Sec. I in Supplemental Materials [29] )
Here Ω λ and Ω λ are renormalized parameters given in Sec. I in Supplemental Materials [29] .
Equations (4) and (5) are our central results of the present work. In comparison to Eq. (3), the influence of the photons is renormalized into the quantum dot parameters, as shown inε dσ ,Ũ , andṼ α . When λ = 0, it is easy to show that all renormalized parameters go back to the original ones and Eq. (1) is recovered. From Eq. (5) the coupling with photons produces two important consequences. One is that the dot levels for both spin have a downshift with λ 2 /ω p , whose consequence is to strengthen Kondo effect. The other is the renormalization of the Zeeman energy which can not be evaluated exactly here but can be fixed phenomenologically by the experiment (see below).
It should be emphasized that the above renormalization happens only under the resonance condition, namely, the microwave frequency match the renormalized Zeeman energy, namely, λ = λ 0 δ(ω p − Ω λ ∆ε), where λ 0 is the coupling strength dependent of the microwave frequency applied. In calculation, this can be expressed by a Lorentzian function as follow in a dimensionless form
where β → 0 + is the width of the resonance. As argued in Sec. I of Supplemental Materials, here we take phenomenologically Ω λ ∼ 7, which is determined by experimental observation.
Comparison with experiment.-Below we address the experiment on the following two aspects. One is to starting from the effective Hamiltonian Eq. (5), in which the effect of the microwave irradiation is already included as renormalized parameters. The other is to fit directly the experimental data by the Kondo resonance and to extract the Kondo temperature as a function of magnetic fields applied.
To calculate the differential conductance, we use the Keldysh formalism [33] and the slave-boson mean field method (see Sec. II and III in Supplemental Materials [29] , respectively). Near the Fermi level, the slave-boson mean-field is sufficient to capture the essen- tial physics of the Kondo effect. From these calculations experimental observations can be reproduced qualitatively, as discussed below. For a given microwave frequency f = 34.1GHz(obtained by hf = Ω λ gµ B B, Ω λ ∼ 7, g = 0.207, and B = 1.68T [20] ), when magnetic field is varied, the coupling strength changes according to if match between the frequency and magnetic field applied or not, as shown in Fig. 2(a) . For different magnetic fields [denoted by dots in Fig.2(a) ] the differential conductance is presented in Fig. 2(c) and (d) at zero temperature. With increasing magnetic field one notes that the height of the conductance peak increases and reaches a maximal value at B = 1.68T, where the (renormalized) Zeeman energy matches the microwave frequency and the dot occupancy also reaches maximum due to the downshift of the dot level, as shown in Fig.  2(b) . Further increasing magnetic field, the height of the peak decreases. Thus the height of the Kondo conductance is non-monotonic as a function of magnetic field, which is qualitatively consistent with the experimental observations, as shown in Fig. 2(e,f) . One also notes that the width of the peaks in Fig. 2(c) and (d) is much broader than that in experiment, which is due to the approximate slave-boson mean field method. In the above discussion the Zeeman splitting is invisible due to small magnetic field.
To further confirm this observation, in Fig. 3(a) we present the differential conductance at the Fermi level for different microwave frequency and compare directly to the experimental results. The agreement with the experiment is qualitatively good. Thus one can conclude that the essential physics of the non-monotonic field dependence of the Kondo conductance is that the dot level has a downshift due to the renormalization effect if the photon energy matches the renormalized Zeeman energy, as mentioned above. In addition, the experiment also indicates that for high frequency, besides a very sharp peak, at low magnetic fields, about half and one quarter there are obvious peaks and/or shoulder structures, which is further explained qualitatively in Sec. IV of Supplemental Materials [29] .
Though the above discussion captures the essential physics of the experimental observation in the SET at finite magnetic field, there still exists quantitative difference between the calculation and the experiment due to some unknown parameters such as the dot level, tunneling matrix element and the approximate method used. In the following we focus on the experimental data. Since the SET is tuned to be in Kondo regime, the feature near Fermi level is nothing but the Kondo resonance, which can be simplified as
where ε K is the location of the Kondo resonance with half-width T K , namely, the Kondo temperature. Here we still neglect the Zeeman splitting due to small magnetic field. This is justified by the experiment, in which no sizable Zeeman splitting is observed except for B = 8.8T [20] . Phenomenologically, we use the following Fano formula to fit the experimental data.
where q is Fano asymmetric factor [30, 31] to describe the asymmetry of the differential conductance and G 0 , ρ 0 are background parameters. The result is presented in Fig. 4 (a), which shows well fitting (the fitting parameters are presented in Sec. V in Supplemental Materials [29] ). Fig. 4(b) shows the Kondo temperature extracted from the fitting for different magnetic fields. The logarithm scale presents the field dependence of the dot level up to a constant. This can be obtained by the exact Kondo temperature expression
where ∆ is the tunneling matrix element and ε F is the Fermi level. For convenience to compare, in Fig. 4(c) we again present the renormalized dot level as a function of magnetic field for three different microwave frequency. The comparison further supports our theoretical picture.
Discussion and outlook.-In Introduction, we mentioned that the non-equilibrium Kondo physics has been intensively investigated in the previous theoretical works [11] [12] [13] [14] [15] [16] [17] [18] [19] , most of which focused on the time-varying bias voltages. In this case a striking phenomenon predicted is the satellite peaks in the dependence of the differential conductance on the dc bias voltage, which has been confirmed experimentally in 2004 by Kastner's group [9] . In particular, very recently, Nguyen [19] has studied in detail dynamic response of an SET in a magnetic field irradiated with microwaves. They explored two fold effect of the microwave, one is the oscillation in voltage with microwave frequency Ω and the other is the oscillation in the coupling parameter with frequency Ω/p(p ∈ N ). While the former has been well studied in the previous works, the latter one leads to the central result of that work, namely, the satellite peak splitting [19] . It is a delicate situation to observe the satellite peaks, which requires properly the frequency and amplitude of the microwaves [9] . However, in the recent experiment carried out by Kogan's group [20] , neither the satellite peaks nor the satellite peak splitting have been observed. Instead, the differential conductance shows a non-monotonic field dependence for a given microwave frequency greater than the Kondo temperature. This result indicates that the physics behind the experiment does not fall into the framework studied in the previous works [19] . Several spin-flip transition mechanisms in quantum dot has been explored by Khaetskii and Nazarov [34] but they are irrelevant to microwave excitation mechanism discussed here.
By renormalization effect on the Zeeman splitting one can understand why the microwave frequency disagrees quantitatively with the previous theoretical prediction [14] ∆ε = hf . However, we are unable to calculate exactly the renormalization factor due to the coupling between the electrons and the photons. Therefore, we take this renormalization factor from the experiment. A further problem left is not answered is that the renormalization factor is almost a constant of about 7 observed in the experiment for both SETs [20] . Irrespective of the detail, the factor should be related to the the photon population which can be crudely estimated at temperature T by n p = 1/ e hf /k B T − 1 . It is noted that in experiment the base electron temperature in both SETs is about T = 70mK, which is kept fixed. It is instructive to change the temperature in the cavity thus one can check if the renormalization factor changes or not. This should be tested by experiment. On the other hand, it is also interesting to explore possible influence of the interplay between the microwave excitation and the possible spin-flip transition mechanisms [34] on the non-equilibrium transport of the SET.
In summary, we have proposed a phenomenological mechanism to explain the non-monotonic magnetic field dependence of the Kondo conductance observed in a recent experiment, which can not be understood in the current theory. The essential physics is the renormalization effects attributed to the spin-flip transition induced by the microwave when the photon energy matches the renormalized Zeeman energy. The result sheds a light on the transport behavior of the related devices.
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I. DERIVATION OF THE EFFECTIVE HAMILTONIAN
Similar to the scheme extensively adopted in studying the Anderson-Holstein (AH) model [1, 2] , we apply a generalized Lang-Firsov transformation to each operator O presented in the original Hamiltonian (1-3) in the main text as
Here X, Y are given by
where F ( 
For the creation and annihilation operators of photon, we have
Since the relation e −S e S = 1 that e S M N e −S = e S M e −S e S N e −S . We can readily obtain the transformed forms of each ingredient of the original Hamiltonian as follows
e S U n d↑ n d↓ e −S = U n d↑ n d↓ ,
Summing over above terms leads to a completely equivalent Hamiltoniañ
ωp . This Hamiltonian implies a series of renormalization effect on the model parameters such as the dot level, Zeeman energy, Coulomb repulsion and coupling strength between dot and conducting leads.
Formally, the photon Hamiltonian is decoupled from the electron Hamiltonian. However, this is not true due to the presence of operators X and Y , which contain the photon operator. In the mean-field level, one can treat Ω λ = X 2 + Y 2 as renormalization factor of the Zeeman energy, where · = · H . However, due to the coupling between the photons and the electrons, it is difficult to evaluate exactly the expectation for the HamiltonianH. Here we do not pursue the analytical evaluation of this renormalization factor but follow the experiment observation to take phenomenologically this renormalization factor as Ω λ ∼ 7 in our calculation. In this case, the following Hamiltonian is taken as our starting point
ωp , and 
IV. SUBPEAK AND/OR SHOULDER STRUCTURES AT HALF AND ONE QUARTER
As can be seen from the experimental results, there exist fine subpeak and/or shoulder structures of the differential conductance at the Fermi level as a function of magnetic field, which locate at about half and one quarter of the resonance magnetic field (see Fig.4 (d) of Ref. [7] ). In the paper [7] this feature has not been pointed out. To reproduce these features in our match picture, one can consider phenomenologically the following resonance condition
where λ i = 2 −i λ 0 is assumed and λ 0 is considered to be dependent of the microwave frequency. In addition, the renormalization factor Ω λ,i = 2
i Ω λ is also assumed. Here we do not know essential physics under which these subpeaks and/or shoulder occur. Anyway, these features can be captured phenomenologically by our match picture, as shown in Fig. 1 .
V. FITTING PARAMETERS OF FANO FORMULA
In Table III we present the fitting parameters introduced in Eqs. (7) and (8) in the main text for the experimental data given in Fig. 4(a) and (b) for different magnetic fields. The fitting result is shown in Fig. 4(a) in the main text. The Kondo temperature obtained are in reasonable agreement with the experiment data, namely, about 1K.
